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ABSTRACT 
Fat1gue crack propagat10n (FCP) after an app11cat1on of a low-high 
10ad1ng sequence was 1nvest1gated as a function of specimen thickness and 
crack closure. No load interaction effects were detected for specimens in a 
predom1nant plane strain state. However, for the plane stress specimens, 
initially high Fep rates after transition to a higher stress intensity range 
(6K) were observed. The difference in observed behavior was explained by 
examining the effect of the resulting closure stress intensity values on the 
effective stress intensity range (6Keff ). ~ 
INTRODUCTION 
In the design of advanced a1rcraft structures it 1s des1rable to predict 
fatigue crack propagat10n (Fep) rates under var1able amp11tude loading .. 
Research in the last two decades [1-7] has shown that load sequences have a 
considerable effect on Fep rates. The research has led to well known findings 
such as that s1ngle overloads produce crack growth retardat10n. Retardation 
has also been found to occur when a h1gh-low load sequence is applied (number 
of high loads followed by smaller loads) [2,6]. 
Two types of models have been proposed to account for the crack growth 
delay following overloads. Plastic zone s1ze models such as those developed 
by W1llenborg [8] and Wheeler [9] account for the retardation following an 
overload by the presence of res1dual compressive stresses in the crack t1p 
plast1c zone. These compressive stresses reduce the app11ed stress 1ntens1ty 
range (6K) to what is termed an effective stress 1ntens1ty range, 6Keff . 
The other exp1anat10n ofretardat10n behav10r 1s crack closure [10]. Th1s 
model 1s based on an observat10n by Elber [11] that the crack t1p reg10n 
closes for a port10n of a load cycle before the m1n1mum load 1s reached. 
Elber hypothes1zed that damage at the crack t1p occurs only when the crack 1s 
open. H1s def1n1t10n of 6Keff 1s: 
6Keff = Kmax - Kc1 (1) 
where Kmax 1s the max1mum stress 1ntens1ty app11ed and Kc1 1s the 
h1ghest stress 1ntens1ty under wh1ch the crack t1p 1s closed upon 10ad1ng. 
Not all 10ad1ng sequence effects are well understood. Rev1ew of the 
l1terature reveals some controversy regard1ng the.FCP behav10r 1mmed1ately 
follow1ng a 10~-h1gh 1~ad1ng sequence. Hardrath and co-workers [2,12] 
concluded that no load 1nteract10ns take place and that the FCP rates follow· 
af all t1mes the ~onstant amp11tude data base for a g1ven 6K. However, 
vonEuw et al. [13] observed a trans1ent reg10n 1n wh1ch 1n1t1ally h1gh crack 
growth rates were observed after trans1t10n 1nto h1gher 6K (1n relat10n to 
constant amp11tude data base at the 1dent1cal 6K). These 1n1t1ally h1gher 
FCP rates de~reased progress1vely as the crack length 1ncreased, unt1l an 
equ1l1br1um growth rate was reached. The equ1l1br1um rate was comparable to 
rates at the same 6K 1n constant amp11tude tests. From now on, th1s 
trans1ent behav10r w1ll be referre~ to as an 1n1t1al accelerat10n of FCP 
rates. A very 1nterest1ng f1nding regard1ng 10w-h1gh 10ad1ng behav10r was 
documented recently by Schulte et al. [14]. They also noted a reg10n of 
1n1t1al accelerat10n after trans1t10n 1nto h1gher 6K when observat10ns of 
the crack front at the spec1men surface were used to measure FCP rates. 
However~ when the FCP rates of the same spec1men were evaluated by us1ng a 
str1at10n count1ng technique 1n a reg10n away from the surface, no 1n1t1al 
accelerat10n of FCP rates was detected. 
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The above observat10ns ,suggest that plane stress .and plane stra1neffects 
should be considered in order to explain loading sequence"ef..·fects.:." A test 
program was set up to evaluate the .effec.t of specimen· tMckne,Ss and crack;;. , 
closure on possible load sequence .. effects :under a "loW to h1gh, load .. transH1on. 
'PROCEDURE .' : 
All specimens were machined from a 3.2 mm (0.125 inch) thick .. 70}5-T.6, \ 
aluminum sheet with tens11e properties as detailed 1n Table I .. For the FC~ 
';"" 
studies, compact tension (CT) spec1,mens 1n·a L-T,or1entat1onwere ·us,ed,wHh a 
w1dth of 3B.l mm (1.5 1nches) "and an 1n,1t1al cr~ck length to, w,1dth (a/w)" ra.t10 
of 0.2. Specimens were tested in the as-,'rece1V,ed and 1.1 nm (OfO~41nch) " , 
thickness. The 1.1 mm thickness was attained b,y"mach1n1ng awaY.,equal amo,unts 
of material from both surfaces. Tests were performed using a'closed loop 
servohydraul1c fatigue machine. The testing was done at an R ratio of 0.1 and 
frequency of 20 Hz in an ambient air environment. Fat1gue testing was 
computer controlled using a compliance techn1que~o maintain either a co~stant 
stress intensity range ora constant load range and to cont1nuo~sly mon1tor 
the crack length. 
.1 
Constant load amplitude tests were performed on the 3.2 mm (0.125 inch) 
,. 
thick specimens to obtain baseline data. The low-high load sequence tests 
performed on the 3.2 mm (0.125 1nch) thick specimens consisted of precrack1ng 
.. 
dup11cate spec1mens at a AK of 4.4 MPa.Jiii (4 ksi v'in) from an a/w r'at10 of 
0.2 to 0.35 was reached. The stress 1ntens1ty range was then increased to a 
AK of 13.4 MPa Vm (12.2 ks1 v'fil) and the specimens further fat1gued. In 
addition, separate CT specimens were tested at constant 'AI< of 4.4 HPaYm 
(4 ksi..;rn) and 13.4 MPa~ (12.2 k~1 Kn). ~ - 10 For each of these constant 6K 
",' ' 
, .... • ..~ \ ;. ... I " 
specimens load-displacement' curves were obtained, from which closure loads and. 
" ~. ,~ .' . ~ 
the corresponding Kcl values were determined. The closure load was taken 
:. • p 
to be the first deviation from linearity in the unloading portion of the curve. 
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... 
For the'closure reading tests the frequency was decreased to 0.05 Hz. 
Similar procedure was used for the 1.1 mm (0.044 inch) thick specimens, 
however, the low-high loading sequence consisted of transition from 6K of 
6.6 MPa viii (6 ks1 v'fil) to a 6K of 16.0 MPa viii (14.4 ks1 V1rl). Again closure 
loads for the thinner specimens were obtained by testing separate specimens at 
the above two stress intensity ranges. The entire test matrix used in the 
program is shown in Table II. 
To determine the FCP rates as a function of the crack length from 
transition into a higher 6K, fractograph1c analysis of the striation spacings 
was performed using a scanning electron microscope. All fractographs were 
taken using a 00 tilt to limit possible distortions of striation spacings used 
to calculate FCP rates. 
RESULTS 
The baseline fatigue crack propagation curve obtained for the 7075-T6 
alloy is shown in Fig. 1. An equation fitting the straight line portion of 
the curve (1.e., crack growth data for 6K > 8 MPavm(7 ks1Vfil» is: 
~: = 1.236xlO-10 6K3•01 
where da/dN is the crack growth rate expressed in m/cycle and 6K is in 
MPa vm. 
( 2) 
The validity of using the striation counting technique to determine FCP 
rates was evaluated by comparing the growth rates obtained by this method to 
the compliance technique. Striation measurements consistently showed slightly 
lower growth rates (up to 25 percent) possibly due to a small tilt of the 
fracture features with the respect to the screen projection. Some tilt is 
unavoidable although care was taken to minimize it. Some scatter within the 
striation measurements was also present. The scatter band was approximately 
±10 percent of the mean value. This degree of scatter can be considered quite 
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reasonable when it is considered that striation counting technique measures 
localized growth rates. These rates can be influenced by such factors as 
grain orientation and the presence of inhomogeneities such as 1nc1us1ons~ 
Examples of fractographs used to calculate FCP rates'~or both the ~~1ck 
and thin specimens are shown in Figs. 2 and 3, respe~tfve1y. The data 
obtained by this technique are plotted in Figs. 4 and 5. A difference 1nFCP 
behavior was observed. The thick specimens revealed no 1n1t1a1 acce1eratfon' 
after transition into higher 6K, however the thin specimens clearly reveaied 
a region of initial acceleration of FCP rates. These results will be 
discussed later on in the paper. 
Crack closure loads were"'measured for the 3.2 nm (0.125 inch) thick' 
specimens for stress 1ntens1ty ranges of'4.4 :MPa v'iil (4 ks1V'fO) and 1j~4 MPa 
vrn (12.2 ks1 Yfrl) and for the 1.1 nm (0~0441nch) th1ck~pet1mens at" 6K of 
6.6 MPavrn (6 ks1 V1rl) and 6K of 16 MPa'Vm'(14.4 ks1 V'1rl}. The applied 
stress intensities and the corresponding calculated closure stress intensities 
(K
cl ) are shown in Table III. The v'alues shown are an average of five 
readings. The scatter within these readings was ~5 percent of the mean 
value. It should be noted that the data in Table III takes into account the 
small spring tension the clip gauge exerts (17.8 N (4 lb)} on the crack mouth 
of the specimens. 
For the four conditions for which the closure loads were determined, a 
plot of FCP rates versus 6Keff was obtained and is shown in Fig. 6. A 
Paris type equation fitting this data is: 
:: ,= l'.445X10-10 AK!f~l (3) 
where da/dN is in m/cycle and 6K
eff is in MPa~. The least square 
correlation coefficient for this equation is 0.997. 
5 
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DISCUSSION 
The results of the low-high loading sequence tests are shown in Figs. 4 
and 5. As shown in these figures, there exists a substantial difference in 
the behavior between the 3.2 mm (0.125 inch) and the 1.1 mm {0.044 inch) thick 
specimens. The thick specimens exhibited no noticeable change in FCP rates as 
a function of fatigue crack distance after transition into higher 6K as 
shown in Fig. 4. However, for the thin specimens (Fig. 5) immediately 
following the transition to a higher 6K the FCP rates were initially high 
and progressively decreased till a plateau was reached. For these specimens, 
the FCP rates immediately after transition were approximately twice as high as 
the rates in the plateau region. 
The question arises why there is a difference in behavior between the 
thick and thin specimens? The results obtained in this study are somewhat 
analogous to those reported by Schulte et al. [14]. They reported initial 
acceleration of crack growth rates near the surfaces of the specimen after a 
low-high transition, however in the middle of the specimen no initial 
acceleration was detected. In comparison, in the present study only the 
thinner specimen showed initial acceleration of FCP rates. It is important to 
note that near the surface of specimens tested by Schulte and within the thin 
specimens tested in the present study, plane stress conditions prevailed. 
These results suggest that plane stress-plane strain effects have to be 
considered in order to explain the observed behavior. 
In the present study, the applied stress intensities and specimen 
thicknesses were chosen to evaluate both plane strain and plane stress 
effects. The 3.2 mm (0.125 inch) thick specimen subjected to a 6K of 13.4 
MPa v'm (12.2 ks1 vfrl) after transition was still under a predominant plane 
strain condition according to ASTM E399 [15] criteria. However the 1.1 mm 
(0.044 inch) thick specimen subjected to a 6K of 16 MPav'm (14.4 ks1 v'fil) 
6 
was in a substantially plane stress state. The difference in the state of 
stress of the two types of specimens mar1fested itself by the extent of the 
•• 1, 
shear lips present on the fractured fatigued surface in comparison to the 
thickness of the specimens. The thicker specimen exhibited almost no shear 
lips while in the thinner specimens the shear lips were well developed and 
accounted for approximately 25 percent of the thickness of the specimen. 
The importance of the state of stress on load interactions and the 
associated fep behavior becomes app~rent when its effect on crack closure is 
examined. As mentioned earlier, Elber [11] proposed that a crack might be 
. " \ 
partially closed during a portion of the cycle before the minimum load is 
~ ~ .' 
reached. He argued that the premature closure of the crack is caused by the 
residual tensile displacements in the wake of the crack resulting from pla~t1c 
damage during crack exters1on. Hertzberg [16] used the Elber hypothesis to 
explain the initial acceleration of growth rates after transition from low to 
high stress intensities observed by vonEuw [13]. He argued that because of 
the increase in residual tensile displacements after transition to higher ~K, 
the Kcl values are also increased. However, during the first few cycles 
. : 
of the high load block, the material still experiences low closure loads and 
hence a greater ~Keff. Only when the new larger deformed zone created by 
the higher loads begins to interfere in the wake of the crack f~ont, the 
J • 
closure level begins to rise, decreasing the ~Keff unt1) a new equ1l1br1tim 
value is reached. This process is shown schematically in fig. 7. 
The amount of plasticity at the crack tip and hence residual tensile 
displacements are dependent not only on the applied stress intensity but also 
on state of stress. The plastic zone size radius (rp) can be expressed by 
the following relationship [17]: 
(4 ) 
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where n varies from two for plane stress to six for plane strain. Thus, the 
larger plastic zone size in a plane stress state should result in considerably 
larger residual tensile displacements and hence greater Kcl values when 
compared to plane strain ce"d1t1oRs under equal applied stress intensities. A 
number of researchers [18,19] have confirmed this by showing that crack 
closure stress intensities are indeed considerably greater for a plane stress 
state. 
The difference in Kcl values can be used to explain the results 
obtained in this study. Equilibrium Kcl values for all applied stress 
intensities used in the program are shown in Table III. For the 1.1 mm (0.044 
inch) thick specimens, the Kcl was measured to be 2.3 MPavrn (2.1 ks1 v'frl) 
at the lower stress intensity and 5.3 MPaVm (4.8 ks1 v:rn) at the higher 
stress intensity. This substantial difference in Kc1 values is not 
surprising considering that the lower stress intensity resulted in a 
predominant plane strain state (per ASTM E399) while the higher stress 
intensity resulted in existence of a substantial amount of plane stress. If 
it is assumed that Hertzberg's hypothesis is correct (Fig. 7), then the 
accelerated FCP rates immediately after transition to a higher 6K can be 
predicted by the use of the da/dN-6Keff relationship (Eq. (3». 
Substituting the appropriate values into this equation a predicted FCP rate of 
-7 -5 9.5x10 m/cycle (3.7x10 in/cycle) is obtained. The FCP rates obtained 
from striation spacings measurements, shown in Figs. 3 and 5, are 1x10-6 
m/cycle (3.9X10-5 in/cycle). The crack closure hypothesis (Fig. 7) also 
. predicts that after a certain amount of crack growth, an equilibrium FCP rate 
should be reached corresponding to those of the baseline data. The predicted 
-7 -5 FCP rate at equilibrium using Eq. 3 is 4.8x10 m/cycle (1.9x10 
in/cycle). The actual FCP rates as measured from striation spacings were 
8 
5xl0-1 m/cycle (2X10-5 in/cycle). Thus the crack closure hypothesis 
predicts the observed behavior very well in the case of the thin specimens. 
The acceleration of the Fep rates for the thin specimen. after transition 
into higher AK lasted for 0.2 mm (O.OOS inch) of crack growth. It is 
interesting to note that the plane stress plastic zone radius at the higher 
AK is O.lS mm (0.007 inch) by Eq. (4) and is thus very close in size to the 
fatigue crack wake length exhibiting accelerated Fep behavior. Assuming that 
all of the acceleration of Fep rates above the final plateau value was cau~ed 
by the transient crack closure behavior shown schematically in Fig. 7, '1t'was 
possible to calculate the crack closure stress intensity as a function of 
fatigue crack wake after transition into higher AK. The calculations were 
performed by first solving Eq. (3) for the AKeff values required to obtain 
the measured Fep rates. after transition into higher AK (Fig. 5). The 
obtained AKeff values were subtracted from Kmax to obtain the Kcl 
values. The results of the calculation are shown in Fig. S. 
The difference in the measured Kcl values of the 3.2 mm (0.125 inch) 
thick specimen between the lower and higher applied stress intensities is 
approximately 1 MPaVrn (0.9 ks1-v'fn) as shown in Table III.· This difference 
in Kcl values is considerably smaller in comparison to the thin 
specimens. This result is not very surprising considering that for the thick 
specimens both the lower and h1gher,appl1ed AK's resulted in a predominant 
plane strain state of stress .. The predicted Fep rates immediately after 
transition from low to high AK as well as the predicted FCP rates after a 
plateau has been reached were calculated using Eq. (3). This was done by 
first calculating the. appropriate predicted AKeff values (per Fig. 7) from 
the known Kcl readings. and then substituting the AKeff values into 
-7 Eq. (3). The predicted FCP rates were respectively 5.9xlO m/cycle 
-5 -7 -5 (2.3xlO in/cycle) and 4.6xl0 m/cycle (1.Sxl0 in/cycle) immediately 
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after transition and in the plateau region. The difference between these two 
values is only 30 percent as opposed to 130 percent for the thin specimen. It 
should be noted that the small scatter band present in obtaining the Kcl 
values will have a significant effect on the predicted FCP rates, and thus 
could be a source of the discrepancies between the measured and predicted 
growth rates. 
No initial acceleration of FCP rates was detected after transition into 
higher 6K even though a 30 percent increase was predicted. However, the 20 
percent wide scatter band of the striation spacing measurements might have 
obscured the small initial acceleration. Thus, since the gradient in 
6K
eff after transition is small, it is possible that a small acceleration 
of FCP rates did take place after the transition into higher 6K, as predicted 
by the closure hypothesis, however, due to the scatter of the data no 
acceleration was detected. 
The other type of models proposed to account for load interaction effects 
are the plastic zone size type models [8,9]. These models predict that any 
transient FCP behavior will occur only if the present plastic zone is 
encompassed by a larger plastic zone resulting fro~ a prior loading history. 
Thus these models do not predict any crack growth acceleration when a low-high 
loading sequence is applied, in contrast to the results obtained in this study. 
CONCLUSIONS 
1. The 1.1 mm thick specimens exhibited a region of accelerated FCP 
growth rates immediately after transition from low to high stress intensity 
range. 
2. The 3.2 mm thick specimens exhibited no noticeable region of 
accelerated FCP growth rates immediately after transition from low to high 
~tress intensity. 
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3. This difference in behavior was explained by comparing Kcl values 
for the lower and higher stress intensities. For the thin specimens, ina· 
substantially plane stress state, there was a large difference in Kcl 
values between the lower and higher stress intensities resulting in a 
progressively decreasing hKeff as a function of crack length from 
transition. For the thick specimens, in a predominant plane strain state, the 
difference in Kcl was small causing the hKeff to vary rather 
negligibly after transition into h1ghe~ hK. 
4. The acceleration of FCP rates of the thin specimen lasted for 0.2 ITITI 
after transition into higher hK and is approximately equivalent to the plane 
stress plastic zone radius. 
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TABLE I. - TENSILE PROPERTIES - 7075-T6 
Or1entat1on Ult1mate strength 0.2 percent E1ongat1on~ 
Y1e1d strength percent 
MPa ks1 
MPa ks1 
LongHud1na1 565 82 524 76 12 
LongHud1na1 579 84 517 75 13 
transverse 
TABLE II. - TEST MATRIX 
Type of test Spec1mens 
Base11ne data base 4 
constant amp11tude 
Low-h1gh load 2 
sequence (3.2 mm th1ck) 
Low-h1gh load 2 
sequence (1.1 mm th1ck) 
Kc1 at: 
llK of 4.4 MPa Vrn (3.2 mm th1ck) 1 
llK of 13.2 MPaVrn (3.2 mm th1ck) 1 
llK of 6.6 MPavm (1.1 mm th1ck) 1 
llK of 16 MPa vm (1.1 mm th1ck) 1 
TABLE III. - MEASURED Kc1 VALUES 
Th1ckness, llK appl1ed, Kc" 
mm MPavm MPa v'iii 
3.2 4.4 1. 54 
3.2 13.2 2.56 
1.1 6.6 2.3 
1.1 16.0 5.3 
E lxl0-7 
da/dn= 3. 37xlO-7 m/cycle 
da/dn= 3. 26xlO-7 m/cycle 
50~ from transition 
6 8 10 20 30 40 
L1K MParm 
Figure 1. - Baseline constant ampli-
tude data. 
6 K= 4. 4 MPa$. 
da/dn= 3. 05xlO-7 m/cycle 
da/dn= 3. 07xlO-'7 m/cycle 
100~ from transition 
Figure 2. - Examples of fractographs used to measure Fep rates of 3. 2 mm thick speci mens. 
da/dn= 3. 6xlO-7 m/cycle 
15011 from transition 
da/dn= lxlO-7 m/cycle 
transition 
dafdn= 7. 7xlU-7 mlcycle 
4011 from transition 
Figure 2. Concluded. 
6K= 16MPa~n'-
6 K= 6.6 MPa.Jm 
da/dn= 3. 37xlO-7 m/cycle 
250011 from transition 
da/dn= lxlO-6 m/cycle 
around transition 
dal dn= 6. 25xlO-7 m/cycle 
llO IJ from transition 
Figure 3. Exa mples of fractographs used to measure Fep rates of 1. 1 mm thick sped men. 
dafdn= 5xlO-7 m/cycle 
19011 from transition 
Figure 3. - Concluded. 
lxlO-7 0 100 200 300 400 
Distance from transition, 11m 
Figure 4. - Fep rates measured from striation 
spacings in the 3.2 mm thick specimens. 
da/c!n= 5xlO-7 m/cycle 
250~1 from transition 
500 
E 
ro 
'"0 
2xl0-7 L..-__ ..L...-__ -'--__ ....L.-. __ .....L..... __ --l 
o 100 200 300 400 500 
Distance from transition, 11m 
Figure 5. - FCP rates measured from striation spacings 
in the 1.1 mm thick specimens. 
lxlO-6 
lxlO-7 
lxlO-8 
0 1.1mm 
0 3.2 mm 
2 3 4 5 6 7 8 910 
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Figure 6. - FCP rates as a function of bKeff for both 1.1 and 3.2 mm thick specimens. 
20 
K 
Crack closure 
stress intensity, 
KcI 
Time 
Figure 7. - Schematic showing the proposed increase in Kcl after 
transition into higher ilK (per Hertzberg). 
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Figure 8. - Calculated Kcl values as a function of distance 
from transition into higher ilK for 1.1 mm thick specimens. 
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